This experimental study was carried out on the ignition and combustion behavior of insulation fluids, such as mineral oil, 20cSt and 50cSt silicone liquids, and synthetic ester oil, for transformers using a cone calorimeter. We focused on the fire safety performance of the silicone liquids that showed significant environmental advantages compared to other fluids, because silicone liquid is substantial environmental safety as it changes into natural materials such as SiO 2 , H 2 O and CO 2 by hydrolysis.
This experimental study was carried out on the ignition and combustion behavior of insulation fluids, such as mineral oil, 20cSt and 50cSt silicone liquids, and synthetic ester oil, for transformers using a cone calorimeter. We focused on the fire safety performance of the silicone liquids that showed significant environmental advantages compared to other fluids, because silicone liquid is substantial environmental safety as it changes into natural materials such as SiO 2 , H 2 O and CO 2 by hydrolysis.
It is important and necessary to evaluate the fire safety performance of silicone liquid as well as other insulation liquids. At least two kinds of physical information, ignitability and combustibility (or combustion behavior), are needed to achieve the fire safety evaluation expected for these insulation liquids. The ignitabilty test was carried out as the first specification on the correlation between ignition time (t ig ) and radiant heat flux on the surface of each liquid for an evaluation of ignitability. The IEC 60695-8-3 (draft) was applied partly to carry out the tests, and recommends the use of a square pan. However, in our tests, two types of pans, circular and square, were used to clear the thermal influence given by the four corners of a square pan. Figure 1 shows the correlation between the inverse square root of ignition time (t ig ) and radiant heat fluxes. Figure 1 shows that these insulation liquids behaved as thermally-thick material as they were exposed to radiant heat flux. Almost the same Fig. 1 . Simulated correlation between inverse square root of ignition time (t ig ) and radiant heat flux to the samples trends were observed in thermal inertia and in ignition time at critical radiant heat flux for the silicone liquids and the synthetic ester oil, and 20cSt and 50cSt silicone liquids indicated almost the same burning behavior. The critical time to ignition of the mineral oil was shortest within these insulation liquids. Based on heat transfer mechanism, we established a simulation of the ignition time using Eq. (1), taking the thermal parameters of conductivity, density, and specific heat for each insulation fluid.
Eqn.
(1) provided good agreement for those cooling-insulation fluids in the correlation vs radiant heat flux as are shown by lines in Fig. 1 . Figure 2 shows the time histories for the heat release rates during a test period of 1800 seconds. Mineral oil and the synthetic ester oil showed high peak heat release rates; otherwise 20cSt silicone liquid showed a lower and reducing the heat release rate with selfextinguishing properties.
Based on the experimental results using the cone calorimeter, the silicone liquids showed the most excellent performance in fire safety among these insulation liquids. 
Introduction
The authors have conducted experimental research with the objective of developing cooling-insulation fluid for transformers that is environment-friendly and high performance in fire safety. The silicone liquid (20 mm 2 /s (20cSt) at 25
• C) was selected beside 50cSt one. This selection depends on the fact that Japanese Fire Service Law, which followed the Agenda 21 UN (1992), exempts substances with flash point of 250
• C or higher from the category of dangerous substances. And also 20cSt silicone liquid has high cooling performance and low viscosity than 50cSt one's, showing lower global environmental burdens, high economy performance, long term reliability, high fire safety and other qualities. Some topics on the performance of 20cSt silicone liquid were reported (1) - (4) previously on its thermal degradation characteristics as an insulation material, its insulation characteristics, evaluation of its cooling performance, and its flammability characteristics as an insulation fluid, and so forth.
In the present paper we report the ignitability and ignition time at around critical radiant heat flux, and the combustion properties of insulation fluids for transformers, so as to evaluate their fire safety. Regarding ignitability, we examined the relation between ignition time and radiant heat flux, assuming the case where the insulation fluid is subjected to high radiant heat flux in the form of electrical sparks or similar heat source over a short duration. Further, we implemented a simulation of the ignition time based on the thermophysical properties specific to the insulation fluids, and checked the results against the experimental ones. We also investigated the peak heat release rate as of post-ignition characteristics due to combustion within a specified duration using the cone calorimeter in accordance with the IEC60695-8-3 (draft) (5) test method.
Properties of the Tested Insulation Fluids
In order to pursue the fire resistant performance of insulation fluids, we selected silicone liquid, mineral oil, and synthetic ester oil as insulation fluids of differing properties which have been brought into practical use, and we conducted combustion characteristics tests on them.
Silicone Liquid
Two types were used: one whose main use to date has been in transformers for vehicle and/or train and that has kinematic viscosity of 50cSt (at 25
• C), and another with lower viscosity of 20cSt (at 25
• C). The 20cSt type had more homogenized molecular weight distribution than that of 50cSt type, and had been rendered low viscosity by reducing its low molecular weight component resulting its flash point was 250
• C or higher. Figure 1 shows the representative structure of silicone liquid (polydimethylsiloxane (6) used for the experiments.
Mineral Oil
Mineral oil, categorized as Class 1 No.4 in the Japanese Industrial Standard JIS C 2320, which is derived from crude oil by hydrorefining followed by dewaxing.
Synthetic Ester Oil
Synthesized generally from a lipid acid and a polyalcohol.
The various properties of the insulation fluids used in the tests are compiled in Table 1 (4) (6)- (8) .
Evaluation on Fire Safety of Insulation Fluids
No quantitative evaluation methods have been determined for the fire safety of insulation fluids, as they have been for solid insulation materials. To begin the evaluation on the fire safety of insulation fluids, it was necessary to have sufficient knowledge concerning the followings when they undergo heating: (1) the conditions that lead to ignition, and, if ignition occurs, (2) the heat release rate (HRR) due to combustion and other combustion characteristics. Accordingly, in order to quantitatively determine the combustion behavior under the prescribed radiant heat flux, the post-combustion characteristics of heat release rate and smoke production rate and so forth, the cone calorimeter method (ISO 5660) was employed.
Method for Tests Using the Cone Calorimeter
A general view of the cone calorimeter is shown in Fig. 2 . Both square and circular pans were used for combustion tests as are shown in Fig. 3 (a) and (b). These pans were of stainless steel with a thermocouple (K-type) on the bottom outside. The volume of the fluid used was approximately 50 cm 3 , in accordance with IEC 60695-8-3 (draft).
An radiant heat flux meter was placed at the level which is the same surface level of the test fluids in advance, the temperature of the cone heater was adjusted, to give the designated radiant heat flux, and calibration curves for the heater temperature and the radiant heat flux in the range 3 to 50 kW/m 2 were plotted. Next, the temperature of the cone heater was adjusted to give the set radiant heat flux. After the temperature had stabilized, the shielding plate between the cone heater and the sample was moved to give momentarily load to the sample with radiant heat fluxes set at various levels.
A maximum test duration of 1800 seconds was employed instead of 1200 sec to pursue the ignition time given at the critical radiant heat flux. In other respects, the test method of ISO 5660, except the test duration of 1200 sec, was followed and gaved the followings data: ignition time, total heat release, heat release rate (HRR), weight loss rate, concentrations of O 2 , CO and CO 2 , and optical smoke concentration.
Combustion Properties
Using the circular and square pans, each sample was loaded with 3 to 50 kW/m 2 of radiant heat flux, the time to ignition (t ig ) piloted with electric sparks was determined, and the combustion properties were measured and observed. Figure 4 is a set of photographs of the post-ignition burning states of (a) the 20cSt silicone liquid, (b) mineral oil, and (c) synthetic ester oil, respectively. The flame height of the mineral oil was the highest, followed by one of the synthetic ester oil, while the 20cSt silicone liquid had the lowest flame height. Also, as Fig. 4(b) shows, during combustion the mineral oil was observed to expand and overflow from the pan, accompanied by flames. The color of the synthetic ester oil's flame was whitish compared to the flames of the mineral oil and silicone liquid.
Comparing the smoke emission of the samples, the silicone liquid and synthetic ester oil emitted white smoke, while the mineral oil emitted dark smoke tinged with blackness. In particular, the silicone liquid emitted extremely dense white smoke immediately before firing, probably resulting from combustible matter fumes that had vaporized, or from uncombusted fluid droplets. Also, when the silicone liquid combusts, SiO 2 crust forms on its surface, and which reduces the combustion surface area as well as flame height.
The mineral oil and synthetic ester oil, on the other hand, did not exhibit crust formation like the silicone liquid; rather, they continued combusting with flames until they were burned up. Heat released was determined from the decrease in the mass of oxygen due to combustion of the fluids, in accordance with the law of oxygen consumption. Figure 5 shows the change over time in the heat release rate [kW/m 2 ], undergo the radiant heat flux of 50 kW/m 2 for 1800 seconds. It can be seen from Fig. 5 that whereas the peak heat release rates of the mineral oil is highest, followed by the synthetic ester oil, and 20cSt and 50cSt silicone liquids were almost same. The peak heat release rates of mineral oil, synthetic ester oil and 50cSt silicone liquid were 1.42, 0.77 and 0.20 MW/m 2 respectively, and the peak heat release rate of the 20cSt silicone liquid showed almost the same extremely low value of 0.23 MW/m 2 as 50cSt one. Mineral oil and synthetic ester oil showed sustained their burning until they were consumed due to burning out. Therefore, heat release rates became zero after about 300 seconds. By contrast, the 20cSt and 50cSt silicone liquids formed SiO 2 crust and progressed steadily to self-extinguishment, so that their heat release decreased gradually. 
Ignition Properties
Immediately prior to ignition, no surface layer currents stemming from surface tension differences, nor any apparent convection due to temperature difference between upper and lower layers, was observed on the surface of any of the sample oils, and almost no movement was observed on their surfaces. The mineral oil and synthetic ester oil gave their critical radiant heat flux within the ranges of 5.1 to 5.4 kW/m 2 , and 11.8 to 12.1 kW/m 2 , respectively. The critical radiant heat flux of 20cSt silicone liquid obtained lays in the range of 13 to 13.9 kW/m 2 , which is a little smaller than that of 50cSt silicone liquid of 16.5 to 16.9 kW/m 2 . However, it is well known that cooling performance for transformer depends clearly on the kinetic viscosity of the fluid so that 20cSt silicone liquid is more applicable to transformers than 50cSt silicone liquid. Figure 6 shows the correlation, as derived from the above experimental results, between the inverse square roots of the ignition times and the radiant heat fluxes which they were loaded to the samples. With each of fluid, it was observed that if the oil ignites after being subjected to radiant heat flux for a short time, (1) it exhibits a critical radiant heat flux, (2) the inverse square root of the ignition time is proportional to the radiant heat flux loaded, which means that the fluid can be treated as thermally thick material, and (2) with increase in the radiant heat flux, the mineral oil exhibits the highest ignitability, while the synthetic ester oil, and both 20cSt and 50cSt silicone liquids show almost the same responsibility.
Inference of Ignition Time from Properties
Ignitability is one of the important indicators in considering the fire resistant performance for use with transformers, and strongly depends on radiant heat flux, density, specific heat, thermal conductivity, and ignition temperature. Accordingly, in order to evaluate the ignitability of the fluids, ignition times were simulated on the basis of the thermo-physical properties for each fluid, and compared them with the correspondence between radiant heat flux and inverse square root of ignition time obtained from the cone calorimeter tests. Figure 7 shows a model of the irradiating conditions. Radiant heat flux from the cone calorimeter heats up the surface of the fluid, where it is re-radiated from the liquid's surface into the ambient air, as well as being propagated through the liquid's surface layer to the liquid's interior. When the sample's surface is heated in a short time at a high energy density-in the form of electric spark(s) for example-the cooling of the surface layer portion by countercurrents will be secondary, and transmission of heat into the sample fluid will go no further than the thin portions of the surface layer, so that the fluid can be treated as a thermally thick material. Heat dissipation to the atmospheric outside air together with the rise in surface temperature should also be taken into account, but as forced air cooling is not implemented, the air can be regarded as practically static. Thus, the model below is adopted.
Estimation of Ignition Times
Where the sample is subjected to radiant heat flux from the exterior, then taking the surface x to equal 0, the boundary condition at the sample fluid's surface will be given by:
and is rewritten as follows (7) ; where a = λ/ρ · C, ε. is adsorption efficiency for radiant heat flux. The course of the surface temperature T s = T (0, t) will be:
Rewriting as T (0; t) = T s to tidy up the equation will give:
Since the right hand side includs terms of h 2 t and λρC only, so that the within range of ε·q rad h·(T s −T o ) < 10, the error function will simplified with considering the term of exponent, and we finally the r.h.s approximated to Eq. (5):
which, by substituting an ignition temperature T ig for T s and an ignition time t ig for time t, can be written more tidily as: 
Ignition Time Based on Experiments
The ignition times were calculated using thermo-physical properties (all from the producers' catalogs (4) (6) (8) (9) ) for the mineral oil, 20cSt and 50cSt silicone liquids and synthetic ester oil listed in Table 1 , and by substituting the ignition temperatures and given radiant heat fluxes into Eq. (6). The thermal absorption rate, ε, was chosen the value which suits in an experiment well within the range of 0.3 to 0.4. The ambient temperature was taken to be the room temperature during the experiments. In the case of the ignition times estimated are equal to or longer than 1800 seconds, they were assumed infinity, so that the inverse square root of the ignition time gave as zero. Figure 8 shows estimated results based on Eq. (6) as the correlation between 1/ √ t ig and radiant heat flux, and those are compared with the measured ones from the experiments. This figure shows the results obtained with the circular pan and with the square pan alongside each other. As can be seen, the calculated values and the measured values agree well. Since the experiments assumed the case where electric sparks are present, the values are for time to ignition via flashing, and therefore independent of the shape of the pan.
Comparison of Ignition Times
Comparing the ignition properties of the typical cooling-insulation fluids of mineral oil, silicone liquid and synthetic ester oil, one may remark (i) that the 20cSt and 50 cSt silicone liquid and synthetic ester oil have critical radiant heat flux more than twice Fig. 8 . Simulated correlation between inverse square root of ignition time (t ig ) and radiant heat flux to the samples as large as the mineral oil, and (ii) that in the case where they ignite, the dependence of their ignition time on the radiant heat flux level-in other words their heat sensitivity or thermal inertia-is around four times larger. Hence, in evaluating the ignitability of cooling-insulation fluids subjected to a high level of radiant heat flux in a short duration, it can be considered possible, provided that the thermophysical property values of the fluids are known, to estimate the critical radiant heat flux, and evaluate the ignition time and radiant heat flux dependence, without conducting ignition tests.
Conclusions

Summary of Experimental Results
Following the test method discribed in the IEC 60695-8-3 (draft), we used the cone calorimeter to load samples of coolinginsulation fluid with particular radiant heat fluxes for 1800 seconds. By so doing we obtained the critical radiant heat fluxes, flash points and heat release rates. Additionally we compared such results with the ignition time predictions based on the samples' physical properties.
( 1 ) Two types of pans, square and circular pans, were prepared to confirm whether the thermal effect would be appeared at corners due to thermal-boundary difference from sides, so that the experiments with a circular pan and with a square pan were conducted. We observed no significant difference in ignition time or ignition temperature between the two types of pans. However, in terms of re-utilization, the circular pan would seem to be easier to clean up and better able to give consistent experimental results.
( 2 ) Based on the heat release rates for the post-ignition and successional combustion duration, it can be inferred that the mineral oil and synthetic ester oil have each high peak in heat release rates, despite the short duration for which their combustion is sustained, and that such rate were maintained until they burn up. On the contrary of these behavior, the silicone liquids of 20cSt and 50cSt have quite low peaks of heat release rate and moreover they showed selfextinguishing properties. This self-extinguish property made them excel the others in terms of fire safety.
( 3 ) From the relation between the ignition time (inverse squre root of ignition time for each cooling-insulation fluid) and the radiant heat flux loaded, the usual approach method, that is used often for the characterization on combustion of thermally thick solid material, can be applied. Simulation results of the ignition time, when given the radiant heat flux of the range of 5.5 to 50 kW/m 2 , based on thermo-physical property values of samples, was well coincident with experiment values.
While possessing insulation qualities and fluidity, the 20cSt and 50cSt silicone liquids have high fire resistance and ignition resistance, together with a low heat release rate and self-extinguishing ability. Furthermore, in the environment they will be reduced via hydrolysis into its original constituent substances, such as SiO 2 , H 2 O, and CO 2 . Fortunately, this property can be evaluated not only as having high fire safety but also as being excellent for environmental preservation.
We obtained almost the same high performance in fire safety and resistance to combustion and ignitability for both 20cSt and 50cSt silicone liquids, so we could then select the 20cSt silicone liquid for transformer based on its fluidity performance due to low kinetic viscosity.
Concepts for Evaluation Criteria
Evaluating the fire safety of cooling-insulation fluids requires the high performances both on ignitability and on post-ignition combustion characteristics.
( 1 ) For ignitability, the ignition response to radiant heat flux, or in other words the critical radiant heat flux, is a valid indicator. The higher critical radiant heat flux gives higher fire safety performance which give the resistance to fire flashing.
Naturally, the fluids must have a flash point that has to be higher than the upper boundary for the dangerous substance category under the Fire Service Law (must have flash point of 250
• C or higher). Thermal inertia (λρc) is the item for judging the dependence of ignitability on radiant heat flux. The thermal inertia of the cooling-insulation fluid have to have the almost equal value to those of solid materials for electrical devices, i.e. epoxy resin.
( 2 ) Indicators of appropriate combustion characteristics are: that the cooling-insulation fluids have to have a low peak heat release rate and small total heat release. It is expected that self-extinguishing, and less emits of smoke (and corrosive gases).
Finally, an additional criterion is the environment-friendliness in the wake of a fire (it should not pollute the environment).
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